given that the price of home video systems is strongly Action potentials are the standard signal conveyed berelated to how many gray levels they will produce. To tween neurons in the central nervous system. It is a longtackle it experimentally, we imagine taking the following standing question how these spikes represent sensory approach: record the spike train of a retinal ganglion input, internal states of the brain, or motor commands cell, project a uniform gray field on the retina, vary the (Perkel and Bullock, 1968; Rieke et al., 1997). To fully intensity of the light in small step increments, and ask understand communication among neurons, one would how small the steps can be to still cause a recognizable like to obtain a dictionary for this language, in which difference in neural firing. each spike or pattern of spikes is assigned meaning We soon find that after an intensity step the ganglion within the processing task under study. This review will cell fires a brief burst of spikes, then settles down within focus on the neural code employed by the ganglion cells a few seconds to whatever it was doing before the step. of the vertebrate retina in conveying visual information Something similar happens for almost every other ganfrom the eye to the brain: what are the rules by which glion cell, so we conclude that steady gray levels are the spike trains of optic nerve fibers encode the visual almost indistinguishable. To get a meaningful answer, scene?
Two important aspects of retinal processing are al-
where R 0 is the cell's maintained firing rate without stimulation. This expression can also be viewed as a casready recognizable in this early work: lateral inhibition in space and differentiation in time. Because of the ancade of a few simple transformations of the stimulus ( Figure 1A) . First, the stimulus I(x, t) is summed over tagonistic action of the center and surround regions of the receptive field, ganglion cells respond strongly to all space, with the weighting function B(x). Then the resulting signal is passed through a filter with impulse stimuli whose intensity varies in space over the receptive field, such that center and surround are illuminated response A(t). The result is added to the baseline firing rate R 0 , and negative values R 0 of the resulting firing rate differently. And because the response to a light step lasts only a short time-typically tens of milliseconds R(t) are truncated to zero. The parameters in this model, namely R 0 , A(t), and to seconds-many ganglion cells seem to emphasize stimuli that change in time over static ones.
B(x), were derived from the flashing spot measurements. Then the model was tested using very different stimuli, The visual world, of course, does not consist of spots and annuli. Thus, one needs to cast the stimulus-response consisting of various shapes moving steadily across the cell's receptive field. As Figure 1B shows, there was a relationship in a quantitative form that generalizes to arbitrary patterns of visual input. In its most general remarkable correspondence between the observed time course of the firing rate and the predictions of the model. form, the stimulus is given by the intensity distribution I(x, t, ) on the retina, as a function of position x, time This model of the light response is very attractive in its simplicity. For example, the time course of the response t, and wavelength . Under the above assumptions, the response of the retina consists of the firing rates R i (t) of to a flash is identical no matter where in the receptive field the flash is presented, except for a scaling factor. each of its ganglion cells. To capture retinal processing, one thus seeks a mathematical function whose input is This is termed "space-time separability" (Wandell, 1995) , because the weighting function in equation 3 separates the stimulus I(x, t, ) and whose output is the time course of a ganglion cell's firing rate R(t). This function will have into a term depending only on time multiplied by a term depending only on space. Subsequent work showed a number of free parameters, which are optimized based on the measured responses to experimental stimuli. Fithat space-time separability is not quite satisfied in ganglion cell responses: for example, the response to light nally, one can test the performance of this model with other types of stimuli. The following sections will illusfalling in the surround is delayed relative to the response in the center, owing to the time required for lateral signal trate some examples of this powerful approach. (1) ganglion cell types, center and surround also have a different spectral sensitivity, because they are fed by a where ␦(t) denotes the delta function pulse of firing and different mix of photoreceptors. In general, the waveh is the size of the subsequent undershoot, which delength dependence of the retinal response is governed cays with time constant . As in previous experiments, by the spectral sensitivities of the rods and cones, an the amplitude of this response depended on the location aspect that varies a great deal among species. We will of the spot: large and positive in the center, small and not elaborate on this topic here, but refer the reader to negative in the surround, and zero somewhere in berecent reviews of color processing (Wandell, 1995; Lee, tween. This spatial profile of the response amplitude 1996). was formalized as a "difference of Gaussians" Another fundamental feature of Rodieck's model is the linearity of its response. Twice the intensity fluctuation will produce twice the firing rate fluctuation; more
generally, the response to the sum of two intensity patterns is the sum of their individual responses, barring where k c and k s are the amplitude of the center and the truncation in the final step of spike generation. Subsesurround Gaussians and r c and r s are their respective quently, it was found that a linear relationship between radii. Thus, the change in the firing rate produced by stimulus and firing rate holds only for some retinal ganflashing a spot at time t ϭ 0 and location x is A(t)·B(x).
glion cells and only under restricted conditions: the Now any given light intensity pattern, I(x, t), such as a modulations of the light intensity must be small comwhite bar moved across the retina, can be decomposed pared to the mean, and the range of these modulations into many small flashed spots. Rodieck's model asmust not change very much over time (Enroth-Cugell sumed that the effects of all these spots simply sum up. and Robson, 1966; Victor, 1987; Benardete and Kaplan, Thus, the firing rate, R(t), produced by the visual stimulus 1997b). These are very narrow constraints, and it now becomes appears that under stimulus conditions resembling those of our natural visual experience, a linear description of
retinal ganglion cell responses is of rather limited use. Nonlinear Processing. Victor (1987) has captured field is several times larger than that of a nearby X cell. It is composed of many small spatial "subunits" that some of the nonlinear behavior of cat ganglion cells in a very successful model (Figure 2A ): as in Rodieck's appear to process the stimulus independently . Within the area of each subunit, the scheme, the light distribution is pooled linearly with a spatial weighting function and the result is passed light intensity is integrated, again with an antagonistic receptive field and a biphasic impulse response (Figure through a temporal filter. However, the properties of this filter depend on its output. In particular, when the output 3). The result gets rectified, a highly nonlinear operation, and added to the output from all other subunits. This is large-of either sign-the gain of the filter decreases and its waveform sharpens. With only a few parameters, sum, after passing through another filter, specifies the firing rate (Victor, 1988) . There may be as many as 100 this model accurately predicted the response to a variety of stimulus waveforms ( Figure 2B . A quantitaAs is true for all other neurons, the response of retinal ganglion cells is stochastic, in that it varies somewhat tive assessment of their light responses revealed the contribution of each cell type to the ganglion cell reeven if one presents the identical visual stimulus on subsequent trials. Therefore, experimenters often response. In particular, the photoreceptors, horizontal cells, and bipolar cells produced essentially linear repeat the same stimulus tens to hundreds of times and average the resulting responses to get an accurate estisponses to light. Under the same stimulus conditions, amacrine cells showed strong nonlinear distortions, mate of the "true" firing rate. The brain, on the other hand, must interpret the ganglion cell output on a single whose shape was distinct between the "sustained" and "transient" amacrine cells (Sakai and Naka, 1987 ). This trial. If the signal is carried by the neuron's firing rate, as is often assumed, then it can be decoded only to supports the above speculation that retinal signals are strongly rectified during transmission to amacrine cells. within the accuracy allowed by the trial-to-trial variation. On the other hand, the above models of the light reIt has also allowed the dissection of each ganglion cell's input into contributions from bipolars and the two types sponse are all deterministic: they predict the average firing rate, as would be obtained from a large number of amacrines (Sakai and Naka, 1995) . Such experiments begin to give a biological identity to the cascade compoof stimulus repeats, but make no statement about the range of the response one might see in a single trial. To nents in this formal description of the retinal code.
These examples illustrate that the relationship beunderstand what a ganglion cell can communicate, one must take into account not only the systematic "signal" tween light stimulus and firing rate can be phrased as a cascade model for many different types of retinal ganbut also the "noise" that corrupts it. cades discussed above. It should be noted that these studies analyzed spike counts from ganglion cells over time windows ranging from 0.25 s to 1 s. The unstated assumption in this analit might be perfectly random, with spikes produced at ysis is that whatever neuron interprets the ganglion cell constant probability per unit time, regardless of the preoutput must integrate spikes for at least 0.25 s. This ceding firing history. This latter case corresponds to the would effectively smear together retinal events that ocso-called Poisson process and leads to an exponential curred in the preceding quarter of a second or more, a distribution of inter-spike-intervals (Rieke et al., 1997).
proposal Such behavior is of clear practical utility: because the intensity of the light illuminating the natural world changes over many orders of magnitude every day, so does the absolute intensity reflected by objects in the scene. However, the surface reflectance of these objects remains the same, and thus the relative ratios of intensities received from different parts of the scene are approximately independent of the illuminant. Through the process of light adaptation, the retina encodes the invariant features of objects and discards, for the most part, information about the absolute light level. Only a few ganglion cells appear dedicated to signaling the In order to encode the visual scene under many condiNeural responses with high temporal precision are tions, the retina must efficiently match the dynamic not limited to strong stimulation. Even at very low conrange of its output neurons to the range of sensory trasts-barely perceptible to the experimenter-the reinputs. As discussed above, light adaptation accomsponse consists of brief firing events with no maintained plishes part of this by adjusting the retina's sensitivity firing ( Figure 6A ). The precision of timing and spike numto the prevailing intensity of light. However, the mean ber in these events declines only weakly with contrast intensity is only one statistic that changes significantly What might be the functional benefit of this process? tion on all spatial and temporal scales (Barlow, 1961; Field, 1987; Dong and Atick, 1995) . This is likely to influAs suggested above, it may represent a dynamic adjustment of the retina's output range to the range of its inence the neural code significantly: for example, as discussed above, the broad temporal spectrum can lead put signals. This would avoid saturation of the ganglion cell response under high-contrast conditions while still to precisely timed firing events in retinal ganglion cells, which are poorly captured by the prevalent models for allowing a high signal-to-noise ratio under low-contrast conditions. On the other hand, contrast adaptation also a continuous ganglion cell firing rate. In summary, while questions phrased about vision near the detection plays a "computational" role: it generates a neural representation of the visual scene that has been normalized threshold may be more tractable, it is not clear that the answers are relevant to everyday vision. As a result, we to the average size of intensity fluctuations in the scene. In the process, information about the absolute contrast have an exquisite understanding of how a toad can perceive meal worms in almost complete darkness (Aho in the image is discarded ( Figure 6A) . In an analogous fashion, light adaptation normalizes the neural image to et al., 1993a, 1993b), but only the most qualitative notion of what our own retina does while we read this article. the mean light level and discards information about the absolute intensity in the image. The purpose of both The only effective remedy will be to study visual processing under conditions of natural stimulation. There operations would be to remove from the image behaviorhas been a general reluctance to use natural images or ally uninteresting aspects that are mostly dependent on movies in vision research, mostly due to the seemingly the conditions of illumination or the average structure intractable complexity of natural scenes, the need to of the environment, while preserving and emphasizing consider the animal's eye movements, and the obvious the differences between objects in the visual scene. One bias that results from choosing any one stimulus from can speculate further that each successive stage of the such a large set. On the other hand, given the large early visual system adapts to-and consequently disuncertainties about what actually happens during natucards-what appear to be constants in the neural repreral vision, studying the response to even one or a few sentation from the previous stage (Barlow, 1990 
